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Plakoglobin is the only component common to both the desmosomal plaque and the cadherin±catenin cell adhesion
complex in the adherens junction. It is highly homologous to vertebrate b-catenin and to Drosophila armadillo protein
and mayÐlike these proteinsÐbe also involved in signaling pathways. To analyze the role of plakoglobin during mouse
development we inactivated the plakoglobin gene by homologous recombination in embryonic stem cells and generated
transgenic mice. Plakoglobin null-mutant embryos died from Embryonic Day 10.5 onward, due to severe heart defects.
Some mutant embryos developed further, especially on a C57BL/6 genetic background, and died around birth, presumably
due to cardiac dysfunction, and with skin blistering and subcorneal acantholysis. Ultrastructural analysis revealed that
here desmosomes were greatly reduced in number and structurally altered. Thus, using reversed genetics we demonstrate
that plakoglobin is an essential structural component for desmosome function. The skin phenotype in plakoglobin-de®cient
mice is reminiscent of the human blistering disease, epidermolytic hyperkeratosis. q 1996 Academic Press, Inc.
INTRODUCTION domain in desmocollin abrogates the ability of desmocollin
to anchor intermediate ®laments at the plaque. Clustering
of chimeric connexin±desmocollin tail proteins recruitsPlakoglobin, a member of the armadillo gene family, is
plakoglobin and other plaque proteins and leads to anchor-involved in several cellular processes. Originally identi®ed
age of cytokeratin ®laments. In the E-cadherin±cateninas a constitutive component of the desmosomal plaque, pla-
complex, plakoglobin binds to the cytoplasmic domain ofkoglobin is also part of the cadherin±catenin cell adhesion
E-cadherin and to a-catenin and thus exhibits a central rolecomplex in adherens junctions, and interacts with cyto-
for complex formation similar to b-catenin. To study theplasmic proteins, such as the tumor suppressor protein ade-
role of plakoglobin during embryonic development we havenomatous polyposis coli (APC)(Cowin et al., 1986; Franke
inactivated the plakoglobin gene by homologous recombi-et al., 1989; Butz et al., 1992; Aberle et al., 1996). Moreover,
nation and have generated transgenic mice.plakoglobin overexpression in Xenopus embryos leads to
duplication of the body axis, suggesting a possible role in
signaling pathways (Karnovsky and Klymkowsky, 1995).
MATERIALS AND METHODSQuite detailed information about the role and the interac-
tion partners of plakoglobin in the desmosomal plaque and
Construction of the Targeting Vectorthe adherens junctions comes from the analysis of cultured
cells (Troyanovsky et al., 1993, 1994a,b; Mathur et al., 1994; Genomic DNA corresponding to the plakoglobin locus was iso-
Aberle et al., 1996). Deletion of the plakoglobin binding lated from a Supercos1 custom cosmid library custom-made from
129/Sv embryonic stem (ES) cell DNA (Stratagene). For gene
targeting we used a 10-kb BamHI±EcoRV fragment with a 4-kb
EcoRI±PstI fragment including exons 3 and 4 and part of exon 51 To whom correspondence should be addressed. Fax: /49-761-
5108474; E-mail: kemler@immunbio.mpg.de. of plakoglobin replaced by the 4.4-kb EcoRI±XbaI fragment from
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pPGKbgeobpA (a kind gift from Phil Soriano). Downstream of the 3* and D, 5*-AGCATTCGGACTAGGGCAGG-3*). The PCR mix
consisted of 100 pmol of each oligonucleotide, 200 mM dNTPs (Pha-EcoRV site we inserted the 1.85-kb XhoI±HindIII fragment with
the HSV-TK gene (a kind gift from K. Thomas) into the XhoI site of rmacia), 2 mM MgCl2, and 2.5 U Taq polymerase in 11 Taq buffer
(USB) in a ®nal volume of 50 ml. Temperature cycling conditionsthe polylinker of the plasmid, giving rise to the targeting construct.
were 947C for 2 min, followed by 30 cycles of 937C for 30 sec, 587C
for 30 sec, and 727C for 1 min. PCR products were resolved on
Generation of plakoglobin Knock-Out ES Cell 1.6% agarose gels.
Clones
ES cells (RI) were electroporated with 30 mg of NotI-linearized Antibodies and Immunoblotting
targeting construct DNA as previously described (Haegel et al.,
Af®nity-puri®ed anti-peptide antibodies against plakoglobin1995). Selected clones were screened for homologous recombina-
(anti-D15A) were used as described (Butz and Larue, 1995). Thetion events by Southern analysis (Fig. 1b), using as probes a 1.2-kb
antibodies against b-catenin (L4, Transduction Laboratories;XbaI±BamHI fragment with exon 8, a 0.9-kb BamHI±XbaI frag-
C2206, Sigma) were used according to the manufacturer's instruc-ment with the neomycin-resistance gene, and a 0.7-kb BamHI±
tions. Isolated embryos were washed in PBS and homogenized inApaI fragment from the 5* end of the targeting construct.
200 ml Laemmli buffer and further processed as described (Huber
et al., 1996).
Generation of Transgenic plakoglobin Knock-Out
Mice
Light and Electron Microscopic Analysis
ES cells homologously recombined at the plakoglobin locus were
For histological analysis embryos were ®xed and further pro-microinjected into blastocysts from (C57BL/6 1 DBA/2) superovu-
cessed as previously described (Haegel et al., 1995) and for electronlated mice. Male chimeras were bred with C57BL/6 females to test
microscopic analysis embryos were ®xed and processed as de-for germ-line transmission. Tail DNA from agouti offspring was
scribed (Schwarz et al., 1993).analyzed for the homologously recombined allele by Southern blot-
ting or PCR. Such germ-line chimeras were crossed with 129/Sv
and C57BL/6 females to generate inbred and outbred strains car-
rying the mutation. Offspring were routinely tested by PCR and RESULTS AND DISCUSSION
those used for maintenance of the mouse line were further tested
by Southern blotting.
To disrupt the plakoglobin gene by homologous recombi-
nation a replacement targeting vector was designed, con-
taining 5.9 kb of ¯anking genomic sequence and replacingPCR Analysis of plakoglobin Genotypes
exons 3 and 4 with a PGKbgeo cassette (Fig. 1a). Two ES
Extracts of F1 animals were prepared from tails of 3-week-old cell lines, shown by Southern analysis to be homologously
offspring; extracts of F2 progeny were prepared from tails of 1-week- recombined at the plakoglobin locus (Fig. 1b, lanes 1±3),
old pups, tails of Embryonic Day 17.5 (E17.5) embryos, hindlegs
were used to generate germ-line chimeras and transgenicand tails at E12.5, or yolk sacs of E9.5 and E10.5 embryos. The
offspring (Fig. 1b, lanes 4±7). Immunoblot analysis of pla-PCR primers (Fig. 1a) were from the neo gene (A, 5*-GCCTTCTAT-
koglobin wild-type, heterozygous, and homozygous-nega-CGCCTTCTTGAC-3*) and the intron downstream of exon 5 (B,
tive embryos clearly demonstrated that the recombination5*-CTCAGGAGTTAGGAGCACTG-3*) or from the 5* and 3* por-
tions of exons 3 and 4 (C, 5*-AGCTGCTCAACGATGAGGAC- had induced a loss-of-function mutation of the plakoglobin
FIG. 1. Generation of plakoglobin-negative mice and phenotypic analysis of plakoglobin-negative embryos. (a) Top, targeting construct;
middle, parental genomic locus; bottom, resulting targeted locus, and the three probes used for Southern analysis; beneath, BamHI
fragments expected for wild-type and mutant genomic DNA. After homologous recombination, a 4.3-kb BamHI fragment is detectable
with both the neo and the 3*-external plako probes. The 5*-internal probe detected a 10.5-kb EcoRI fragment in the targeted clones,
con®rming that no deletions or duplications of the 5* region had occurred (not shown). (b) Southern analysis of transfected ES cells (lanes
1±3) and of F2 embryos from heterozygous intercrosses (lanes 4±7). ES cells: ///, parental clones, with 13-kb fragment; //0, targeted
clones, with an additional 4.3-kb BamHI fragment. F2 embryos: 0/0 genotypes lack the 13-kb fragment and have the 4.3-kb BamHI
fragment. (c) Immunoblots with proteins of the F2 embryos and CMT cells (positive control, Co), probed with anti-plakoglobin and anti-
b-catenin antibodies and appropriate second antibodies. As expected, all lysates contain b-catenin (b-cat), but only plako /// or //0
have plakoglobin (plako), while 0/0 embryos are de®cient in this protein. Transverse sections through the heart region of E10.5 embryos.
(d) plako //0 embryo; (e) plako 0/0 embryo with a structurally less well developed heart, especially the trabeculi in ventricles, the atria,
and the endocardial cushion. Thin wall of the plako 0/0 heart is permeable for blood cells, here found in the pericardial cavity (arrowheads).
At E17.5, (f) plako//0 and (g) plako 0/0 embryo, the latter exhibiting detaching epidermis, subcorneal acantholysis, and blister formation
(arrowhead); toluidine blue-stained sections through facial region of (h) plako /// and (i) plako 0/0 embryos. The stratum corneum is
absent and there are detached cells in the granular and upper spinous layers in (i); the basal and lower spinous layers appeared less affected.
Original magni®cations in (d, e) approximately 1001, in (h, i) 4001. Abbreviations: at, atria; ec, endocardial cushion; my, myocardium;
pe, pericardial cavity; tr, trabeculi; bl, basal layer; sl, spinous layer; gl, granular layer; sc, stratum corneum.
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gene (Fig. 1c). Heterozygous animals appeared healthy and from E12.5 onward, especially on a 129/Sv background,
where the heart defect appeared to be the most dramaticfertile, but when they were intercrossed, no viable plako-
globin-negative (plako 0/0) animals were found in a total phenotype.
In contrast, some plako 0/0 embryos (12 of 121) sur-of 90 offspring, suggesting recessive embryonic lethality.
To determine unambiguously the developmental poten- vived longer on the C57BL/6 background, having obvious
pathological defects again in the heart, which was en-tial of plako 0/0 embryos during development, embryos
obtained from both 129/Sv and C57BL/6 backcrosses were larged and contained coagulated blood. In transverse and
longitudinal sections the heart was visibly disorganized,individually genotyped by PCR. Plako 0/0 embryos at E8.5
were indistinguishable from //0 or /// littermates and, with rips and tears in the tissue (data not shown). As at
earlier stages, lung and intestine had apparently normalat E9.5, still were manifested in the expected Mendelian
ratio (22 of 97), although at this stage the heart appeared morphology; more subtle defects cannot be excluded and
are currently being sought. All these mutant E17.5 em-weak-beating and rather pale. Histological sections of E10.5
and E12.5 embryos revealed that in mutants the heart was bryos showed a marked skin phenotype (Fig. 1g). The su-
per®cial layer of the epidermis in snout, cheek, paws, andstructurally less well developed, especially the trabeculi in
ventricles and atria and the endocardial cushion (Fig. 1e). tail region was detached, leading to regions with blister
formation and a very thin epidermis. The skin seemed toThe heart wall was thin and weak, and blood cells had
passed through the endocardium and were dispersed in the have different physical properties; it dried more quickly
and was extremely sensitive to mechanical stress such aspericardial cavity. Coagulated blood was often found in ven-
tricles, atria, and pericardium, indicating cardiac dysfunc- rubbing and cutting and seemed more permeable. Sec-
tions through the paws and head region of mutant em-tion. These morphological differences were fully penetrant
and consistently obtained with two recombined ES cell bryos revealed dissociation of cells in the granular layer
and upper spinous layer, a pathological process termedlines and on two genetic backgrounds (129/Sv and C57BL/
6). Ultrastructural analysis of these E12.5 hearts revealed subcorneal acantholysis (Fig. 1i).
Ultrastructural analysis of the skin of E17.5 plako 0/0that the number of desmosomes was greatly reduced in
plako0/0 embryos, their plaques were less dense, and their embryos revealed clear defects in skin architecture (Figs.
2c±2h). The intercellular spaces between cells of the spi-desmogleas (intercellular cement) had an atypical appear-
ance (Fig. 2b). Thus, desmosomes, which represent just one nous layer were larger, accompanied by acantholysis and
cytolysis in the granular layer and the absence of the stra-of the various adhesive devices along the intercalated discs,
when reduced, did not abolish disc formation but apparently tum corneum (Fig. 2d). There were almost no contacts be-
tween cells in the granular layer of mutant skin. Tono®la-did affect myocardium function dramatically. In fact, the
cardiac phenotype manifested itself with the onset of heart ments, the precursors of keratin ®laments, were retracted
from the desmosomal plaques and had an irregular patterncontraction, when the developing heart became subjected
to mechanical stress. In mutant embryos placenta and liver (Fig. 2f). Desmosomes were reduced by a factor 15 to 20 and
structurally altered (Figs. 2f and 2h). Interestingly, overex-were smaller and were supplied with little blood, possibly in
consequence of the heart defect. The liver capsule appeared pression of a dominant negative form of desmoglein in the
basal layer also results in a reduction and change in ultra-thinner and blood cells had often leaked into the peritoneal
cavity (not shown). At these stages other simple epithelia, structure of desmosomes (Allen et al., 1996). Numerous
keratohyalin granules were mislocalized around the nucleie.g., intestine, displayed a normal morphology. The rela-
tively low proportion of plako 0/0 embryos at E12.5 (14 of (Fig. 2d). Similar cytolysis, acantholysis, and mislocalized
keratohyalin granules are observed in the human skin blis-98) suggests that nearly half of them died between E9.5 and
E12.5. The proportion of dead mutant embryos increased tering disorder, epidermolytic hyperkeratosis, which is as-
FIG. 2. Electron micrographs of heart and skin biopsies of plako //0 and 0/0 embryos. (a, b) E12.5 hearts; (c±h) E17.5 skin. (a) Two
adjacent cardiomyocytes from a plako //0 heart with a developing intercalated disc and a typical desmosome (arrow) on both sides with
electron-dense plaques, to which desmin intermediate ®laments have attached, and a small desmoglea (intercellular cement); myo®brils
with Z-line (asterisk). (b) Desmosome with altered ultrastructure (arrow) in a plako 0/0 heart; note the different size, bigger desmoglea,
apparently missing material, and the less electron-dense plaque. The intercalated disc appears normal. Overviews of (c) plako //0 and
(d) 0/0 facial epidermis, with visible defects in skin architecture, absent stratum corneum; cytolysis, acantholysis, and mislocalization
of keratohyalin granules in the granular layer; basal layer cells appear unaffected. (e, f) Enlargements of the granular layer as demarcated
in (c) and (d). (e) plako /// cells with numerous desmosomes with attached tono®laments (arrowhead) and oriented keratohylin granules;
(f) desmosomes are reduced in number and ultrastructurally altered in the mutants, lacking one or both plaques and/or attachment of
tono®laments (arrowhead). (g, h) Enlargements from (c and d) of the spinous layer. (g) Cells extending numerous processes (spines) with
desmosomes and attached tono®laments (arrowheads). (h) In plako 0/0, note the bigger intercellular spaces (asterisks) between spinous
layer cells ®lled with amorphic material and a dramatic reduction of desmosomes, with tono®laments retracted and irregularly dispersed
throughout the cytoplasm. Original magni®cations in (a, b, g, h) 24,8001; (c, d) 35001; (e, f) 40,0001. Abbreviations: id, intercalated disc;
cf, collagen ®bers; bl, basal layer; sl, spinous layer; gl, granular layer; sc, stratum corneum; kh, keratohylin granules; tf, tono®laments.
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Allen, E., Yu, Q.-C., and Fuchs, E. (1996). Mice expressing a mutantsociated with cytokeratin gene abnormalities (Cheng et al.,
desmosomal cadherin exhibit abnormalities in desmosomes, pro-1992; Bale et al., 1993). A plausible interpretation of our
liferation and epidermal differentiation. J. Cell Biol. 133, 1367±results is that the absence of plakoglobin in the desmosomal
1382.plaque abolishes anchorage of cytokeratin ®laments, lead-
Bale, S. J., Compton, J. G., and DiGiovanna, J. J. (1993). Epidermo-ing to the observed phenotype, similar to human epidermo-
lytic hyperkeratosis. Semin. Dermatol. 12, 202±209.
lytic hyperkeratosis. In fact, deletion of the plakoglobin Behrens, J., von Kries, J. P., KuÈ hl, M., Bruhn, L., Wedlich, D.,
binding domain in desmocollin abrogates the ability of des- Grosschedl, R., and Birchmeier, W. (1996). Functional interaction
mocollin to anchor intermediate ®laments at the plaque of b-catenin with the transcription factor LEF-1. Nature 382,
(Troyanovsky et al., 1994b). Clustering of chimeric con- 638±642.
Butz, S., and Larue, L. (1995). Expression of catenins during mousenexin±desmocollin tail proteins recruits plakoglobin and
embryonic development and in adult tissues. Cell Adhes. Com-other plaque proteins and leads to anchorage of cytokeratin
mun. 3, 337±352.intermediate ®laments, all consistent with the idea that
Butz, S., Stappert, J., Weissig, H., and Kemler, R. (1992). Plakoglobinplakoglobin is a key protein for assembling the desmosomal
and b-catenin: Distinct but closely related. Science 257, 1142±plaque and correct attachment of cytokeratin ®laments
1144.(Troyanovsky et al., 1993).
Cheng, J., Syder, A. J., Yu, Q.-C., Letai, A., Paller, A. S., and Fuchs,
In summary, our results demonstrate that lack of plako- E. (1992). The genetic basis of epidermolytic hyperkeratosis: A
globin does not affect embryonic patterning or basic mor- disorder of differentiation-speci®c epidermal keratin genes. Cell
phogenetic events during pre- and early postimplantation 70, 811±819.
development. This may indicate that plakoglobin does not Cowin, P., Kapprel, H. P., Franke, W. W., Tamkun, J., and Hynes,
R. O. (1986). Plakoglobin: A protein common to different kindsexhibit a similar signaling function as its homologue b-
of intercellular adhering junctions. Cell 46, 1063±1073.catenin does in the Wg/Wnt signaling pathway (Haegel et
Franke, W. W., Goldschmidt, M. D., Zimbelmann, R., Mueller,al., 1995; Behrens et al., 1996; Huber et al., 1996). However,
H. M., Schiller, D. L., and Cowin, P. (1989). Molecular cloningwe cannot exclude a redundancy between plakoglobin and
and amino acid sequence of human plakoglobin, the commonother proteins of the armadillo family which leads to a res-
junctional plaque protein. Proc. Natl. Acad. Sci. USA 86, 4027±cue of a possible plakoglobin signaling function. b-Catenin 4031.
is widely expressed during early embryogenesis and could Haegel, H., Larue, L., Ohsugi, M., Fedorov, L., Herrenknecht, K.,
substitute for plakoglobin in adherens junctions and desmo- and Kemler, R. (1995). Lack of b-catenin affects mouse develop-
somes. Whetherb-catenin can assemble in the desmosomal ment at gastrulation. Development 121, 3529±3537.
plaque and thereby partially rescue the lack of plakoglobin Huber, O., Korn, R., McLaughlin, J., Ohsugi, M., Herrmann, B. G.,
and Kemler, R. (1996). Nuclear localization of b-catenin by inter-remains to be determined. We provide evidence that plako-
action with transcription factor LEF-1. Mech. Dev. 59, 3±11.globin is a key molecule for proper desmosomal function,
Karnovsky, A., and Klymkowsky, M. W. (1995). Anterior axis dupli-particularly in cells where strong adhesive attachments are
cation in Xenopus induced by the overexpression of the cadherin-required. This is the case in the contracting embryonic heart
binding protein plakoglobin. Proc. Natl. Acad. Sci. USA 92,and embryonic skin when both tissues are exposed to in-
4522±4526.
creased mechanical stress. Mathur, M., Goodwin, L., and Cowin, P. (1994). Interactions of
the cytoplasmic domain of the desmosomal cadherin Dsg1 with
plakoglobin. J. Biol. Chem. 269, 14075±14080.
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